Abstract In the central part of the Netherlands, a 20 km 2 drainage basin contains a morainic ridge of Pleistocene sandy deposits and a backswamp area where the sandy subsoil is covered with river clay deposits. Agricultural and "natural" ecosystems are present in both parts. A continuous groundwater flow exists from the ridge to the clay area. A channel network drains the area. For these channels a two-dimensional model for simulating discharge and water quality has been developed. In computations, discharges and concentrations in groundwater, precipitation, and overland flow are treated separately. With a model option for calculating the effects of land use changes, water quality was calculated for base-line conditions. Mean nitrate concentrations were 1/2 to 1/7 of the actual concentrations, mainly caused by manure inputs. Storm events occasionally give very high concentrations, also under base-line conditions. Therefore base-line conditions for ions cannot be described as a single steady value.
INTRODUCTION
Today most waters are more or less polluted with various substances. The pollutants may be dumped in water ecosystems deliberately (e.g. effluents from sewage purification plants) or have reached the water as side effects of human activities (e.g. agriculture). Also, by deposition from the atmosphere, dry and wet inputs occur. For water quality improvement, quantified information of all kinds of inputs is required.
To establish the existing pollution level, water quality usually will be monitored in fixed interval sampling programmes. The results will show temporal and spatial variation of water quality parameters. Year to year variation of mean values then indicate general trends in quality improvement or the reverse.
In general water quality is studied for determining the potential of the water to serve for various human functions and for water ecosystems. In particular the latter demands information on the concentration level vs. exposure time. Water quality monitoring programmes are not always able to produce these kinds of data. Often for budget reasons the sampling and analysing frequencies are restricted. With the help of a simulation program the missing data can be filled in. Even so the impact of human activities on water quality cannot be determined from these data without knowledge of the natural water quality. Natural water quality here means the supposed, measured and/or computed levels for quality parameters, including their temporal variation, without human influence. In the following these levels will be called "base-line conditions". These kinds of base-line conditions can be determined by analyses of the water environment in remote areas without human influences (other than atmospheric depositions). In principle this can be done for catchments, each with a specific combination of rock type, soil, vegetation, relief and climate. A first problem will then be the tracing of sufficient undisturbed watershed areas. A second point will be the possibility of extrapolation of the research results to other areas. In the Netherlands this procedure will be practically impossible. There are no significant catchments without human activities, even if forests and nature conservation areas are considered as natural ecosystems. The only possibility is to split up the total discharged volumes in parts and compute the base-line conditions from the quality levels of these partial flows.
The main purpose of this research study was to design a simulation model which has the above possibilities. Reversed use of the model should point to the most effective location and kinds of measurements to be taken for water quality improvement.
In this paper a short description of the modelled catchment will be given first, followed by some results of water quality (nitrate) analyses. The second part treats the model structure and the computed nitrate base-line condition in the model area.
MODELLED AREA
The modelled area of 20 km 2 is situated in the centre of the Netherlands (southeast of the town of Utrecht). Geomorphologically the area can be split up into three main parts:
(a) The northeastern part is formed by a morainic ridge ("Utrechtse Heuvekrug") consisting of ice-pushed Pleistocene sands and gravels, with heights up to 50 m above sea level (a.m.s.l). There is one phreatic aquifer, which reaches down to 70 m below m.s.l. The ridge, having no surface runoff, can hydrologically be typified as an infiltration area. Predominant land use on the sandy soils is pine forest for timber production.
(b) The southwestern part is by origin a back-swamp area belonging to a former tributary of the river Rhine ("Kromme Rijn"). In this very flat area clay layers were deposited over the Pleistocene sands. The clay cover increases in thickness from 0 m to 2 m in the southwest. Here a semi-confined upper aquifer (0-25 m below m.s.l.) is separated from a deeper semi-confined aquifer by a clay layer. Both aquifers are connected to the phreatic aquifer of the ridge area (TNO, 1974) . In mediaeval times a close network of channels was dug out for drainage purposes. This system remained in existence until the 1960s and was then adapted to meet the demands of modern agriculture. The central channels of the network discharge the excess water of the whole catchment area. Several weirs, placed for water conservation, facilitate discharge measurements. Where ditches and channels reach the sandy subsoil, seepage of groundwater occurs. This groundwater was originally infiltrated in the sandy parts of the drainage area (Bleuten, 1984) . Land use on this flat area with wet clay soils overlaying sand, is grassland (75%) and arable land (5%), the rest being deciduous forest and coppice. (c) Between the ridge and the flat area there is a transitional, gently inclined zone with sandy soils rich in organic matter. In this part of the study area infiltration as well as seepage occur. Discharge takes place through a local channel system, which is connected to the channel network of area (b). Land use is a mixed complex of forests, arable land (silage, maize) and grasslands. Two villages are situated in this area. Sewer systems, however, keep waste water out of the model area. Human influence on water quality takes place by excessive manure production and application in agriculture (Wit & Bleuten, 1987) , via overland flow (of minor importance) and groundwater. A second source is the effluents from scattered houses and farms, which are not connected to a sewer system. There is no industry of importance in the modelled area.
WATER QUALITY IN THE MODELLED AREA
In a network of 30 measurement points (coded MP and numbered) along the main drainage channels in area types (b) and (c), through a fixed interval water sampling and simultaneous discharge measurement programme (1976) (1977) (1978) , the spatial and temporal variability of nutrient concentration was expected to be determined.
In Fig caused by significant inputs of River Rhine water for irrigation purposes during the very dry summer of 1976. The short term variation of chloride can be explained by dilutional processes during intense rain periods because precipitation has lower concentrations than groundwater. For nitrate such a mean concentration level is almost without significance. From samples taken after 1979 at shorter intervals, short term nitrate concentration variation appeared to occur with a higher deviation from the mean. Figure 2 shows a nitrate variogram (Burrough, 1986) computed from all the samples in one location, confirming this short term variation. Commonly used monthly or two-weekly sample programs in this kind of catchment will yield inaccurate concentration levels and peak concentrations can be missed easily. With an automatic sampler and a continuous water level recorder (for hydrograph computation) the short term variation is measured. Some results are shown in Fig. 3 . (Short up and down discharge peaks are caused by weir elevation changes). In general there seems to be a positive connection between the hydrograph and nitrate, potassium and ammonium concentrations. Conductivity and chloride show the same relation but seem to be more complicated.
The increase in ammonium and nitrate during storm discharge points to interaction with the channel bed, where nitrogen is temporarily immobilized and partly denitrified. During peak discharge, given an increased flow velocity, ammonium will be liberated when organic matter from the bottom sediments returns into the surface water and becomes oxidized. This process results in low oxygen saturation and a rise of ammonium concentration. When most of the easily convertible organic matter has been oxidized, oxygen saturation increases again and available ammonium will be subjected to nitrification processes by bacterial activity and nitrate concentration temporarily increases.
For chloride there is a short decreasing concentration caused by dilutional processes, followed by a short peak from overland flow effects, and thereafter a reduced concentration which ends in the normal baseflow 581 Differences between actual and natural water quality concentration. For chloride, being a conservative ion, the concentration in dry periods will resemble the groundwater quality.
This brief survey of actual water quality dynamics shows the impossibility of discerning base-line concentrations from a monitoring program with long periods between the samples. The use of statistics on this kind of data for the determination of base-line conditions, without expert data selection, can easily give wrong results, as appeared from the temporal variability of chloride and nitrate. Event sampling gives much more information.
THE LAND USE WATER QUALITY MODEL
The previously posed problems concerning water quality assessment from fixed interval monitoring programmes can be solved by using a simulation model. The main aim of the model will be the filling in of missing (interval) data and a possibility to predict water quality under other than actual land use conditions (e.g. base-line).
For modelling purposes the drainage channels are assumed to consist of a cascade of three long "tanks", each ending where a weir is located in the main drainage channel. The part of the catchment area drained by any of these tanks has been split up into a nested system of smaller units, each ending at a sampling location.
The surface water in the drainage units originates from inputs of groundwater infiltrated in the respective drainage areas, from overland flow, from channel precipitation, from upstream drainage units and from domestic waste water. Water quality will therefore be determined by the chemical properties of these types of waters and their volumes. Within the channel units complete and immediate mixing is assumed.
In the subprogram "discharge" (Fig. 4) , each of the input volumes is calculated first, starting with the most upstream unit. By using the empirical discharge-to-water level equation (2) for weirs (Anon, 1967) , the output volume given by equation (1) can be computed from the balance equation (3) at the end of the time step. This procedure leads to a lag of one time step between computed and "real" output discharge.
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and: groundwater heads and water levels as independent variables and output discharge as the dependent variable. For these calculations only data from observations during prolonged dry periods were used (Bleuten, 1988 ). In the model this discharge function uses groundwater head recordings (model input) and the computed water level (H^). Groundwater level is recorded in the centre of the seepage area. Channel precipitation discharge is computed from daily recordings of the precipitation (model input) and computed water surface area (WSA). Also precipitation input from the channel banks is taken into account.
Overland flow is assumed to occur only on clay soils with agricultural land use. Overland flow is computed from an (assumed) standardized infiltration capacity of clay soils under mean moisture conditions and the precipitation-evaporation history of the past 20 days. This history is used for computing an "actual" infiltration capacity which can be higher or lower than the mean capacity. During dry periods cracks are formed in the clay top soil leading to an increase of soil storage capacity for precipitation water. After rain storms the reverse will happen. If precipitation exceeds actual infiltration capacity the difference will be stored on the surface. The part of this stored volume that discharges into the channels is called overland flow. This module uses daily precipitation and evaporation recordings (model input).
Domestic waste water flow is supposed to be constant. This discharge is estimated from the number of inhabitants in the drainage unit and the average water consumption per head.
In the subprogram "concentration" (Fig. 4) the masses of dissolved ions are computed from each of the input volumes (BF, CP, OF, EF). The sum of inputs and stored mass divided by total water volume in the same time step gives new concentrations which are used for calculation of output mass. Concentrations themselves form the output of the entire model.
Ionic concentration in groundwater discharge is calculated in a separate module ("concentration groundwater"). Inputs for this module are the results of a major study (Wit & Bleuten, 1987) in the research area on the quality of phreatic groundwater in relation to ecosystem (land use with soil type). Each ecosystem has a specific groundwater recharge volume (net precipitation) determined by groundwater depth, vegetation and soil. With the sum of total areas of the ecosystems inside the part of the catchment attached to the drainage unit by groundwater flow, the average groundwater concentration and the net precipitation, a weighted average concentration in the groundwater discharge can be calculated.
The computed baseflow concentrations of chloride for 12 sample locations agree very well with observed concentrations during dry periods when only groundwater is discharged (r 2 > 0.86; p < 0.001). Because nitrate is subject to denitrification and other previously discussed processes in water and in the channel bed, nitrate concentrations cannot be predicted by this simple method.
Ionic concentrations in overland flow originate from erosion, solution and transportation of substances from the top of the soil. By increased dilution with precipitation water during continued overland flow the initially high concentrations tend to decrease (Sussman, 1983) , ultimately to the precipitation concentration. The range of initial concentrations used are from observed values.
The ionic concentration in precipitation is taken from the Dutch Monitoring Network (Anon, 1979 ). In the model the weighted means of wet deposition for the calculation period have been used. Domestic waste water in the model has constant loads of dissolved matter. Scattered samples take from effluents showed that the ionic concentrations used in the model are comparable to those of Chardon et al. (1982) .
In a separate subroutine ("bottom storage") changes in dissolved nitrate in the channel water by interaction with bed sediments are calculated. Diffusion and immobilization in the bed sediments during low flow conditions is handled as a storage factor in the subroutine. A 70% reduction of available nitrate in the water by denitrification in the anaerobic channel bed is defined through iterations with the data set for model calibration.
The concentration subprogram has been extended with a module "PLAN", which gives the possibility of changing the fixed input variables for land use in the catchment.
Model output in the form of concentration arrays is further processed in the subprogram "frequency analysis". In this program the duration in percentages of time that concentration exceeds certain levels is calculated and also the mean length of time that a level has been exceeded (exposure time).
The model has been calibrated with a well-recorded and intensively sampled storm event (July, 1981) . After discharge the model was calibrated for chloride, being a conservative ion. Thereafter the nitrate concentrations could be fitted with observed concentrations very well (Fig. 5) . After that, without further model adjustments, the water quality for the whole period with available input recordings (19 months) has been computed. The concentrations observed during this validation period are spread very irregularly. Incomplete monthly data alternate with clusters of 4-hour interval samples. Because the model computes concentration per day the application of a split-sample test (Hemes', 1986 ) is therefore not possible. Differences between actual and natural water quality
MODEL RESULTS
As expected, during baseflow conditions the discharge was predicted very well for the (18 months) validation period. Peak discharges were under-predicted, but still look reasonably good. By accumulation of the computed discharges, baseflow appeared to contribute 68-97%, for areas type (c) and type (b) respectively, to the total discharge. The computed chloride and nitrate concentrations in the validation period are in the same range as the observed values. Also the term variation is comparable (Fig. 6) . In general computed chloride concentrations are lower than observed. This is caused by episodic water inflow into the modelled catchment. This water originally comes from the Rhine, which has a rather high salt content (200 mg CI" 1 ). These (small) inputs could not be modelled due to lack of adequate quantitative field observations. Because nitrate concentration in Rhine water is low compared to the concentrations in discharged groundwater in the catchment, there is only a slight influence on observed nitrate concentrations. By changing the land use pattern in the model area, base-line conditions are computed. The intensive agricultural land use types (maize fields and grasslands with very high fertilizer and animal manure inputs) are supposed to change to heathland and to very extensive pastures. Further, all scattered houses are supposed to be connected to an efficient sewer system. The resulting CI" output concentrations (Fig. 7 : "after PLAN" ) are substantially lowered indicating the influence of agriculture upon surface water quality. The effects on nitrate (Fig. 8) are small for MP 9, 10 and 11 compared to these in MP 12. The reasons for this are the more important denitrification in the clay soil area (area type (b)) and the higher manure nitrogen inputs in the sandy soil area. The output of this area (area type (c)) flows into the main drainage channel between MP 11 and MP 12. The results point to the importance of the exchange processes with the channel bed sediments and of peak discharges. 
DISCUSSION AND CONCLUSIONS
The model gives good opportunities for computing base-line conditions for nitrate concentrations in a catchment with an important component of groundwater discharge. The agricultural and other human impacts on water quality can be computed for separate parts of the model area. Moreover the model allows the assessment of the effects of water quality conservation measures. The fact that computed concentrations do not always coincide with observations is acceptable. For management it is the general effects on mean and peak concentration that are important.
Because of the importance of groundwater discharge in the catchment, viz. a typical situation for lowland catchments in temperate climates, a simplified black box model cannot predict water quality changes induced by alterations of the land use pattern. A second reason is the difference between the quality of water from overland flow and groundwater.
Water quality, including its base-line condition, cannot be described by one single value. For every substance (or ion) there are peaks and lows in natural waters. These variations induced by climatology produce in several cases peaks in concentrations which exceed the result of human impact. A base-line condition therefore should describe these "natural" variations as well as the mean and other statistics.
With the help of a simple discharge simulation model a specific scheme should be prepared for event sampling. After sampling various events of different severity in both seasons, a more complex simulation model may be developed. If this model treats different discharges separately, a good impression of base-line conditions may be established. In this way a long term monitoring programme is at least partly changed into a short but intensive programme with the advantage of minimizing expensive field work.
